Essential tremor (ET) is a major cause of disability and is not effectively managed in half of the patients. We investigated whether mechanical vibration could reduce tremor in ET by selectively recruiting afferent pathways. We used piezoelectric actuators to deliver vibratory stimuli to the hand and forearm during long trials (4 min), while we monitored the tremor using inertial sensors. We analyzed the effect of four stimulation strategies, including different constant and variable vibration frequencies, in 18 ET patients. Although there was not a clear homogeneous response to vibration across patients and strategies, in most cases (50-72%) mechanical vibration was associated with an increase in the amplitude of their tremor. In contrast, the tremor was reduced in 5-22% of the patients, depending on the strategy. However, these results are hard to interpret given the intrinsic variability of the tremor: during equally long trials without vibration, the tremor changed significantly in 67% of the patients (increased in 45%; decreased in 22%).
INTRODUCTION
Essential tremor (ET) is one of the most prevalent movement disorders in adults 1 , affecting approximately 5% of people over age 65 2 . ET manifests as a bilateral, largely symmetric postural or kinetic tremor involving the hands and forearms, and is often accompanied by head tremor 3 .
There are different phenotypes of ET patients 4, 5 , but their pathological differences are not fully understood. Importantly, even though as many as 75% of ET patients report significant disability 6, 7 , tremor is only effectively managed in 50% of all patients 8 . Therefore, there is an important need to develop new treatments for ET.
Tremor in ET is thought to originate because of the projection of pathological oscillations in cerebello-thalamo-cortical pathways to the motoneurons innervating the affected muscles 9 , although its exact mechanisms remain elusive. Some studies point at neurodegeneration in the cerebellum [10] [11] [12] [13] although this notion has been challenged by a different group 14 A classic hypothesis proposes that the inferior olive is the ultimate cause of tremor in ET, due to abnormal oscillations in the olivo-cerebellar pathways that are transmitted to thalamo-cortical circuits 15 .
The involvement of the inferior olive is put forward due to its rhythmic properties, which mediate the production of tremor in harmaline models of ET 16 . However, the harmaline model is quite debated 17 .
Mechanoreceptors, including Pacinian and Meissner corpuscles, are sensitive to vibratory stimuli. In anesthetized or decerebrated animals, Pacinian corpuscles respond to high frequency stimuli (60-600 Hz), whereas Meissner corpuscles respond to lower frequency stimuli Hz) 18, 19 . Sensory responses from both types of receptors are projected to the ipsilateral cuneate nucleus 20 , the main brainstem recipient of sensory input from the upper limbs 21 . The cuneate nucleus has important projections to the thalamus and the inferior olive 20, 22 , and therefore may provide a pathway to modulate the circuits that mediate tremor in ET. For example, direct stimulation of the cuneate nucleus has inhibitory effects on cerebellar activity in decerebrated cats 22 .
Tremor in ET is primarily managed with drugs or using deep brain stimulation, a technique that requires neurosurgery 8 . Non-invasive wearable devices that stimulate or exert forces on the affected limb are an appealing alternative 23, 24 . Examples of these devices span robotic exoskeletons 25, 26 , functional electrical stimulation systems 27 , or devices that aim at recruiting afferent pathways [28] [29] [30] . Although many of them showed clear improvements during standard clinical tasks in convenience samples of patients, none of them -to the best of our knowledgehas gone beyond laboratory trials.
Here we investigated whether afferent stimuli delivered through mechanical vibration of the hand and forearm could attenuate the tremor in ET. Our hypothesis was that vibration would recruit Pacinian corpuscles and thus modulate the abnormal activity in tremor-related pathways, which would in turn reduce the tremor. However, our data do not support this hypothesis. We found that across a relatively large sample of patients (n=18), the response to vibration was largely heterogeneous, with the tremor being reduced, increased or unaffected depending on the patient and the stimulation strategy. Moreover, a patient-specific analysis revealed that there was not a systematic trend in the response to stimulation, and we could not find any relationship between patient response and tremor characteristics. Critically, we also found that during our relatively long continuous recordings (4 min), tremor amplitude was very non-stationary even during the no stimulation condition. We propose that future interventions should be evaluated during several-minute long trials due to the largely non-stationary characteristics of the tremor.
RESULTS

Protocol and apparatus
We designed and built a platform to stimulate mechanically the afferent pathways of a patient and assess the effects in the ongoing tremor. Vibratory stimuli were applied using piezoelectric actuators attached to the tremor-dominant hand and forearm, the areas with higher density of Pacinian corpuscles 31 ( Figure 1a) . The stimulators were located on the fingertips, the palm of the hand and the anterior side of the forearm, the areas with the highest density of Pacinian corpuscles 32 . We measured the ongoing wrist tremor using inertial measurement units (IMUs), which we strapped to the hand dorsum and the distal part of the forearm of the patient ( Figure   1b ). In our task, patients rested their most affected arm on a support, keeping the forearm outstretched against gravity, with the fingers slightly outstretched and the hand parallel to the ground ( Figure 1c ). All ET patients (n=18; see details in Supplementary Table 1 When comparing tremor characteristics (NoStim trials) across patients, we observed not only differences in the amplitude of their tremor, but also in its time-varying dynamics ( Figure 3a ;
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notice that Y axis in panels a-e are logarithmic). Normalizing the data for each patient with respect to its amplitude during the first 1-min epoch (Epoch 1 in the figure) helps characterize this large inter-patient variability: the SD is as large as 1.17 times over the mean (lightest trace in Figure 3f ). Therefore, tremor amplitude was considerably variable over long periods without stimulation. In fact, tremor amplitude was significantly different across all 1-min epochs when no stimulation was applied -including both all four epochs in the NoStim trials and the Pre-stim epochs in the stimulation trials (Kruskal-Wallis test, P~0 for all comparisons; see Methods). After observing these large inter-patient differences, we sought to understand each patient's response to stimulation with a finer grain analysis. As the global tendency was that for the tremor to increase when the stimulation was applied, we tried to identify a group effect by normalizing the amplitude of the tremor within each patient (see Methods) and pooling the data together. The analysis of these group results revealed a significant tremor increase for all stimulation conditions (P~0 for all comparisons; Wilcoxon Rank Sum test; see Figure 6 ), even in the NoStim trials. This result also held when we pooled together all eight 1-min long epochs without stimulation to derive the Pre-stim distribution (Supplementary Figure 8) . Understanding the relationship between tremor characteristics and te changes in tremor amplitude during stimulation. a. There was a significant relationship between tremor frequency and how tremor amplitude changed during the IncreasingFreq and RandomFreq trials. b. For some patients, there was also a significant relationship between tremor amplitude and the frequency of the vibratory stimuli. * denotes that the models were statistically significant (P<0.01).
Relationship between stimulation response and tremor characteristics
To understand the variability across patients in how the tremor amplitude changed during each stimulation strategy, we sought to relate this change to the characteristics of the tremor (tremor frequency and amplitude), as well as to relevant clinical information (age, years of disease and gender). The only statistically significant relationship in the group data was that the lower the tremor frequency, the more its amplitude increased during the IncreasingFreq (P=0.007) and RandomFreq stimulation trials (P=0.015) (Figure 7a,b) . When examining the relationship between tremor amplitude and stimulation frequency during these trials for each patient separately, we found a statistically significant association in 44% of the patients in the IncreasingFrec trials (P<0.01; detailed results in Supplementary Table 4 , see examples of statistically significant models in Figure 7c-e) . However, this relationship did not hold during the RandomFreq trials (no significant associations for any patient). Given that we applied the same set of stimulation frequencies during the IncreasingFreq and RandomFreq trials (but in a different order), we conclude that the effect of mechanical vibration on the tremor is not strongly frequency-dependent.
DISCUSSION
We studied the effect of mechanical vibration of the forearm and the hand on tremor in ET.
Our goal was to selectively recruit the Pacinian corpuscles to disrupt the tremor-related activity in the brain and attenuate the tremor. To that end, we designed a protocol in which we delivered vibratory stimuli with different characteristics (frequency) and studied their impact on the tremor.
Overall, although the group trend seems to be that mechanical vibration is paralleled by an increase in tremor amplitude, the inter-patient variability was too large variable to draw meaningful conclusions. Critically, we also observed that during our relatively long recordings without stimulation (NoStim trials), there were very large changes in the amplitude of the tremor.
This casts a shadow on how to interpret the stimulation results. Moreover, it suggests that previous studies, which are mostly based on shorter trials, should be interpreted with caution, and that these intrinsic fluctuations need to be considered when designing future experimental protocols to validate tremor suppression approaches.
Relation to previous studies
No previous study, to our knowledge, had investigated the effect of mechanical vibration on tremor in ET. However, a few groups have used sensory (i.e., below the motor threshold) electrical stimulation to try to reduce tremor in ET. In Ref. 28 , the authors showed that electrical stimulation of the main arm and wrist muscles at 100 Hz reduces the amplitude of the tremor in ET. Even though their group results were statistically significant, their data also seem largely variable across patients and trials given how broad their data distributions are (their Figure 2 ).
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two ET patients and tremor suppression was only effective in one of them. The same group recently used surface and intramuscular stimulation, also delivered at 100 Hz, to recruit Ia afferent fibres (among other pathways) and reduce the tremor of four ET patients 30 . Interestingly, intramuscular stimulation, which likely recruits less tactile receptors than surface stimulation because it is delivered within the muscle, was most effective at attenuating the tremor. Therefore, mechanical vibration seems to affect the tremor in a fundamentally different manner than afferent electrical stimulation, because the trend in our data was for the tremor to increase.
Two studies have investigated vibration therapy in Parkinson's disease 35, 36 (PD), the second most prevalent cause of tremor 37 .Both studies were based on whole body vibration and reported a reduction in tremor amplitude of 25 % and ~50%, respectively. The apparent discrepancy between these results and ours could be interpreted as there being a difference in the response to mechanical vibration between tremor in ET and PD. However, the differences in protocol could account for this discrepancy.
On the intrinsic variability of the tremor
We observed clear fluctuations over time in the amplitude of the tremor without stimulation. 29, the authors used 120 s, they were composed by 1 s epochs without stimulation followed by 3 s with stimulation. Only Dideriksen et al. 30 used longer trials of 150 s, which they divided in 30 s epochs with and without stimulation. Traditionally, several groups including ours tried to account for tremor variability by splitting trials in epochs without and with stimulation that were compared to each other 25, 29, 30, 33 , but this reasonable approach might not be ideal if few-minute long trials are not used. A concern about using long trials in the case of ET is that holding a posture or performing a movement for long periods of time will lead to significant muscle fatigue, and is not very representative of most activities of daily living 39 .
Relationship with the neural mechanisms of essential tremor
The cuneate nucleus receives input from Pacinian corpuscles. Studies in anesthetized or decerebrated animals showed that Pacinian neurons respond maximally to stimulation frequencies in the 50-400 Hz range [18] [19] [20] . These data motivated our experimental design: we chose the 250Hz stimulation strategy as the one that should lead to the maximal effect, and the 50Hz stimulation strategy as the one that should cause little or no effect 20 . We also used two strategies in which we delivered stimuli with increasing or random frequency (in 13.3 s blocks) to exclude any potential adaptation to the stimulation 32 . The stimulation frequencies in these two strategies were the same, to compare the robustness of the response. Unfortunately, our results do not let us support or reject the hypothesis that selective recruitment of Pacinian corpuscles may lead to a reduction of tremor in ET. However, they suggest that mechanical vibration of the limb is not effective at attenuating the tremor.
The main limitation of this study is that we cannot be certain that mechanical vibration of the limb selectively and/or exclusively recruited Pacinian corpuscles. For example, mechanical vibration of the muscle-tendon complex at frequencies similar to the ones we employed recruits muscle spindles in both animals 40, 41 and humans 42, 43 . Perhaps the most dramatic evidence of this is that many "sensory illusions" can be triggered by vibrating the tendons 44 . Therefore, our mechanical stimulation may have recruited afferent pathways other than mechanoreceptors.
Another neural mechanism to consider are the persistent inward currents (PICs) that "amplify" motoneuron output 45 , and that have an important influence on motor control under certain conditions-e.g., by modifying the gain in the spinal cord 46 . Tendon vibration during voluntary contractions is known to cause PICs in humans 47 , and thus we could have potentially elicited them during our protocol. Overall, the potential implication of these and other neural mechanisms makes it hard to interpret the data under the light of our hypothesis.
Finally, most previous studies on the integration of sensory input by the cuneate nucleus have been done in de-cerebrated or anesthetized animals, primarily cats. Given the potentially important role of descending cortical input on cuneate activity 48 , it is perhaps not surprising if the influence of mechanoreceptors is not what would be expected based on those studies. A second potential confound to test our hypothesis is that the neuroanatomy of the primate cuneate nucleus seems to differ from that of the catto better understand the neural pathways involved in the generation of ET and how to target them for new interventions.
Summary
We developed a system to reduce tremor in ET by applying vibratory stimuli to the forearm and the hand. We observed that mechanical vibration was paralleled by largely heterogeneous changes in the tremor across patients, although the dominant trend was for the tremor amplitude to increase. These varied changes could not be explained based on the vibration frequency or the characteristics of the patients. Critically, during our relatively long trials, the intrinsic variability of the tremor, even without stimulation, was larger than we had expected based on previous studies. This observation further hampers the interpretation of our data, but also suggests that new experimental protocols should take into consideration the intrinsic variability of the tremor.
METHODS
Patients
Essential tremor (ET) patients were recruited from neurology clinics of the University Hospital 12 de Octubre (Madrid, Spain) after being examined by an expert neurologist. We included patients with age ≥18 years that had been diagnosed as having ET according to the diagnostic criteria for ET 50 . Exclusion criteria were having a pacemaker or deep brain stimulator implanted, or having previous history of epilepsy, head trauma or stroke. For patients taking tremor-management drugs, the medication was kept stable at least since two weeks before the experiments. The local ethical committee at Hospital 12 de Octubre gave approval to the experimental protocol, and warranted its compliance with the Declaration of Helsinki.
A total of 18 patients were eligible and gave written informed consent to participate (six female, twelve male; average age 75.8 ± 7.9 years, mean ± SD; range, 59-88). Average disease duration was 13.6 ± 11.2 years (range 1-40 years). Tremor severity ranged from mild to severe, with a mean score of 2.1 ± 0.9 (range, 1-4) according to the Fahn-Tolosa-Marin tremor rating scale. Five patients were classified as having mild tremor (27.8%), seven patients as having moderate tremor (38.9%), and six patients as having severe tremor (33.3%). A non-exhaustive summary of clinical features is shown in Supplementary Table 1.
Apparatus
We designed and built a device that delivered vibratory stimuli with different frequencies to the forearm and the hand, at the same time that we recorded the movement of the wrist. Vibratory stimuli were delivered using piezoelectric actuators (model QP-10W, for the fingertips; PPA-4011 for the hand; PPA-1022 for the forearm; all from Mide Technology, US), which were controlled at 5 kHz through piezoelectric haptic drivers (DRV8662, Texas Instruments, US) via a data acquisition card (DAQ) (NI USB 6003, National Instrument, US) connected to a consumer laptop. The amplitude of the mechanical vibration was left constant during the experiment, and set to the maximum (this corresponded to the following voltage levels: 50V for PPA-1022, 75V
for QP-10W and PPA-4011). Wrist movement was monitored at 100 Hz using inertial sensors (TechMCS, Technaid, SP).
Experimental protocol
We performed the experiments in the arm most affected by tremor, which was identified by a neurologist at the beginning of the experimental session. During the experiments, patients were comfortably seated in front of a desk. Piezoelectric actuators were located over the fingertips, the hand and the forearm, the areas where Pacinian corpuscle density is higher 31 (Figure 1a ). To measure wrist movement, we strapped inertial sensors to the dorsal side of the hand and forearm (Figure 1b ). Patients performed a standard postural task (Figure 1c) , while their proximal arm rested on a purposely-built support (note that the support did not constrain hand or forearm movements). The support decreased muscle fatigue and ensured repeatability across trials. During the trials, patients were instructed to hold the arm, forearm and hand outstretched against gravity, to trigger their tremor.
The experimental protocol consisted of five 4 min trials in which we applied different stimulation strategies (Figure 1d ). These trials were interleaved with 10 min long resting periods.
The experimental session lasted for ~90 minutes. 3. Stimulation at 250 Hz ("250Hz") stimulation: vibration was delivered at 250 Hz, a frequency which should maximally recruit Pacinian corpuscles 32 .
4. Increasing stimulation frequency ("IncreasingFreq"): vibration was delivered in 50 Hz steps (increasingly, from 50Hz to 450Hz); each frequency was applied during 13.33 s.
This trial was designed to test the frequency-dependency of the stimulation.
5. Random stimulation frequency ("RandomFreq"): vibration was delivered at the same frequencies as during the IncreasingFreq trials, but their order was randomized; each frequency was again applied during 13.33 seconds. This trial was designed any potential adaptation to the stimulation from the frequency-dependent effects.
Trials 2 to 5 were divided into four 60 s epochs: during the first epoch (Pre-stim) we assessed the patient's basal tremor; during epochs 2 and 3 (Stim1 and Stim2), we applied vibratory stimuli as defined by the corresponding strategy (50Hz, 250Hz, IncreasingFreq, RandomFreq); during the last epoch (Post-stim), we assessed the tremor to detect potential after-effects.
Data analysis
Wrist flexion-extension was calculated as the difference between the forearm and hand angular velocities 51 . The resulting movement was band-passed filter, to keep only the fundamental tremor-related component of movement (10 th order Butterworth, f c =3-12Hz). We then computed the root-mean-squared value (RMS) of the filtered data in 1 s non-overlapping windows to characterize the time-varying amplitude of the tremor.
We first assessed whether the tremor characteristics were stable during the epochs without stimulation (the whole NoStim trial and the four PreStim epochs of the stimulation trials) using a Kruskal-Wallis test (n=60), as the data did not conform normality (one-sample Kolmogorov Smironov test; P~0 for all epochs).
To study the changes in tremor amplitude associated with the different stimulation strategies, we compared the corresponding Pre-stim and Stim epochs (concatenated Stim1 and Stim2 epochs) for each patient separately using a Mann-Witney U test (n=60 and n=120, respectively).
Detailed results are presented in Supplementary Table 2 .
Due to the high variability of the tremor across all epochs without stimulation, we created a To find a group trend in the changes in tremor amplitude associated with each trial type, we normalized the tremor amplitude during each trial (that is, for each trial performed by each patient separately) by dividing it by its 99 th percentile. We then compared the pooled Pre-Stim and Stim distributions using a Wilcoxon Rank Sum Test (n=1080 and 2160 for Pre-stim and Stim respectively). As for the individualized analysis for each patient, we also used the combined baseline as reference for our comparison (n=19440). The results again did not change significantly (Supplementary Figure 8) . 
